Summary. The microsurgeries of mammalian eggs and early embryos were attempted using a three-dimensional oil pressure micromanipulator driven by pulse motors. The pulse signals that regulate the three pulse motors for the X, Y and Z axes were controlled by the personal computer programs. A gap sensor was attached to the working arm of the micromanipulators.
Introduction
We have developed a system of an electric pulse motor-driven micromanipulator controlled by personal computer and reported that the system permits micromanipulation for mouse and rat ova and early embryos (Ogawa et al., 1985 (Ogawa et al., , 1986 . Subsequently, we have remodelled the instruments and softwares, to find more adequate and stable microsurgical procedures not only for microinjection and microbisection but also for more sophisticated types of micromanipulation. The system and results of experiments are reported below.
Materials and Methods
Preparation of Pronuclear Eggs and Morulae: Female mice (ICR Strain) were given one intraperitoneal injection of 5 IU of PMSG and then, that of HCG at doses of 5 IU 48 hr later. These mice were then mated with male mice . The females were killed by cervical dislocation either 16 to 20 hr after the final HCG injection to collect pronuclear eggs or 72 to 76 hr after the final injection to collect the morulae. The pronuclear eggs were collected from the oviducts and the morulae from the uterine horns by flushing.
The bovine embryos used in this study were collected non-surgically from superovulated donors 5.8 to 6.2 days after onset of estrus. The procedures used for superovulation of donor animals and collection of embryos were those described by Newcomb, Christie and Rowson (1978) . A phosphate-buffered saline medium (PBS) supplemented with 10% calf serum was used for collection and handling of embryos in both species. Only the ova and embryos classified as morphologically excellent were subjected to the microsurgery unless otherwise noted elsewhere.
Micromanipulator:
Micromanipulator used in the present study was driven by three-dimensional transmission of oil pressure (NO-103N', Narishige Sci., Tokyo) ( Fig. 1) . Movement of the X, Y, and Z axes were controlled by the pulse motors (three motors in Fig. 1 which was driven by the pulse motor(pm) (the distance of piston movement/pulse was 0.01 mm, and the volume of outflow or inflow of silicon was 0.785 mm3) was incorporated into the micromanipulator.
A manifold was attached to the outlet of the syringe, and a strain gauge pressure sensor(ps) was linked to it. To allow the holding pipet to move around in order to approach, absorb and hold the target embryo in actual microsurgery, the holding pipet was fixed to the working arm of the slave part of another threedimensional oil pressure micromanipulator.
Computer-Controlled Micromanipulation System: Fig. 3 shows the micromanipulation control system with the two types of micromanipulators.
The system was made so as to control the pulse signals that control the pulse motors attached to the micromanipulators by an ordinary personal computer (PC 9801E, NEC, Tokyo). In this system images of the fixed pronuclear eggs or morulae and the tips of the microtools were taken up by the microscope's video camera and correlated by the superimposer (xideo mixer-locator) with signals from the computer keyboard for the cursor manipulation. The images were displayed on the monitor for visual control. In the present study, we used the computer program produced from visually displayed data to control the pulse motor drive. According to the program thus obtained, the microtool tip attached to the working arm of the micromanipulator reached the coordinates of injection site in ova, bisection site in morulae, and some other sites, specified by cursor manipulation.
For the holding micromanipulator, values of suction pressure of holding pipet determined by the pressure sensor were converted by the 8 bit A/D converter and transmitted into the computer to control the pulse motor drive in order to produce a constant optimal suction pressure for holding samples (-10~15 gf/cm2). Each pronuclear egg or late morula was suspended in 0.5 ml of medium (Whittingham, 1971) placed at the center of a plastic Petri dish (10 cm in diameter). The surface of the medium covered with 5 ml of liquid paraffin. The dish was then placed on the microscope stage. The computer program that controlled micromanipulator movements was designed so that the microtools attached to the working arm of the micromanipulator followed movements identical with those in the basic microsurgery performed with a manual micromanipulator as has been previously reported (Nagashima & Ogawa, 1981; Ogawa et al., 1983; Ogawa & Mizuno, 1984) .
These movements for the basic microsurgery included introducing the microinjection pipet into the male pronucleus for the microinjection as well as for the enucleation of the male pronucleus by moving the miscropipet laterally and bisecting morulae by moving the microblade laterally. The operation for either injection or bisection was shown in Fig. 4 . First, key operation of the computer was conducted; when the designated key was pushed, the pulse signal corresponding X, Y or Z axis was released, so that the image of the tip of the microtool was displayed on the monitor. And then another key operation was performed to bring the tip of the microtool to the same plane as that of the surgical site along the Z axis. In another words, the images of the surgical site and the tip of the microtools were focused on the microscopic field. This process establish the variable corresponding to the magnification of the microscopic field, point 0 as the starting point (Fig.  6a) , and the final target point (Fig. 6b ) of microtool shifts (marked on the display by the superimposer).
The right side of Fig. 4 is a flow chart depicting the shift of the microtool tip from the starting point to the final target point through driving by a pulse motor. Fig. 5 shows a part of the source list. We used Optimizing C 86 complier VER, 2, 30J (Computer Inovations, Co., Ltd.) and MS-DOS VER 3, 10 as OS for the system soft ware. In the program, the starting point and the final target point of the microtool tip were followed to instruction which input in at the starting point was then measured by the A/D converter using "GAP_SENS 1 ( )" which was a part of the main program (Fig. 5) , and the resultant value was input into the memory. At the same time, a pressure sensor value was input to the computor. Then the pulse motor was driven by the number of pulses that had previously been prepared in the memory. When the operation was finished, the target value was compared with the present value using "GAP_SENS 2 ( )" in the main program. This target value means the sum of the value determined using "GAP_SENS 1 ( )" and the distance from the starting point to the target point of the microtool tip. In case of error, the pulse motor was driven step by step until the error was reduced to zero. The program was thus prepared so that a finely adjustment could be carried out.
For pressure control of the micromanipulator for holding embryos, the upper limit of the negative pressure range and the lower limit were established. The program was so prepared that when the pressure of a site to be measured exceeded the pressure range, the pulse motor was driven to return the pressure of the measurement site to the expected range of pressure through control by the feedback loop (Fig. 4) . This pressure control occured every time by the stepwise rotation of the pulse motor, and the pressure was nearly stabilized when the sample was fixed to the tip of the holding pipet. The program also allowed the sample to leave the holding part due to a transient positive pressure produced in the holding pipet after completion of manipulations like injection or bisection.
In actual process, the tips of the microtools were shifted firstly to the position on the Y coordinate at the target point. It thus became possible to introduce the micropipet into the male pronucleus and to bisect morulae by lateral driving of the microtools. After the microtools reached the target point, the tips of the tools performed microsurgery and returned to the starting point that indicated the finish of surgery, under the control of the program.
For the injection of fluorescent dye (FITC), the microinjection pipet introduced into the pronucleus by computer control was given a positive internal pressure by means of a commercial microiniector (M-10. Narishige Sci., Tokyo). 7a, b) , and the tip moved in the Z.P. in a threedimensional manner resulting in a spiral form with the specified radius. The blastomere was hooked by the microneedle tip (Fig. 7c) , and the needle then returned automatically to the starting point (Fig. 7d ). This series of motion eliminated the substance from the Z.P.. An empty Z.P. was completed by repeating the series as needed (Fig.  7e, f) .
(iv) Intra-zonal aggregation of two-half morulae (Fig. 8): The direction of shift necessary for the microneedle tip to open an empty Z.P. was determined from the 15 angles displayed on the monitor (Fig. 8a) , and this information was input into the personal computer, followed by the distance of necessary shift estimated from the sample size. Then, according to the program, the microneedle tip moved first to the slit in the empty Z.P., the target point (Fig. 8b) , and then the tip moved from bl to cl point in the figure (Fig. 8b-b1, 8c-c1 ), opening the empty Z.P. (Fig.  8c) . Manual operation of the manually movable knob of the microscope stage greatly facilitated transfer of the two-half morulae, along with the flow of the culture solution, into the empty Z.P. (Fig. 8d) . When the microneedle tip returned to the starting point, the intra-zonal aggregation procedure was completed (Fig. 8e) 
Results and Discussion
Our students who were inexperienced in microsurgery of embryos performed this procedure on samples using the computer-controlled system by oneself, when an expert set up the microtools on the microscope stage.
The micromanipulator previously reported (Ogawa et al., 1986) contained both the drive motor part with a pulse motor and the slave part with a working arm, and transmitted vibration from the pulse motor drive to microtools attached to the working arm, a situation that was inconvenient for micromanipulations. In the present study, the three-dimensional transmission of oil pressure completely protected the microtool tips in the slave part from the effect of vibration caused by the pulse motor drive. Coupled with the work of the gap sensors incorporated into the slave part, the motion of the microtool tips were precisely controlled. The pressure sensor incorporated into the holding micromanipulator assured highly stable and steady holding of embryos. Specimens no longer fell off or adhered to the microtool during micromanipulation.
In the various procedures of microsurgery, when the tip of the microtool entered the target point in samples smoothly and definitely in one serial motion and the samples were still morphologically normal 3 hr after the microtool returned to the starting point, the operation was regarded as completed. Because movements of the tips of the microtools were precisely controlled, the following procedures were stabilized and ensured in most cases (Table 1) .
In the injection of FITC into the male pronucleus of mouse ova, which was performed in combination with the introduction of the micropipet, the injection of 5 to 10 pl of the solution caused swelling of the pronucleus. Three hours after injection, all 20 ova were morphologically normal, and 11 of 20 mouse ova reached the two-cell stage in the 24 hr culture. Fluorescent microscopy revealed local deposition of the fluorescent material in the pronucleus in the ova 
